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ysheng@yeah.netAbstract The ZrO2 ceramic particles strengthened NiAl/Cr(Mo,Hf) composite was fabricated
from the rapidly solidiﬁed NiAl/Cr(Mo,Hf) pre-alloyed powder and the ZrO2 powder by powder
metallurgy technique. Microstructure examination revealed that in the prepared composite NiAl
and Cr(Mo) phases distributed at the eutectic cell boundary become coarse but many Cr(Mo)
platelets inside the eutectic cell were broken, which was different from the original powder.
Moreover, ﬁne Ni2AlHf and Hf solid solution particles distributed uniformly in the composite, and
the ZrO2 particles mainly segregated along eutectic cell boundary. In addition, twin crystal and
stacking faults were observed inside of ZrO2 grains. The experimental results showed that the ZrO2
ceramic particles strengthened NiAl/Cr(Mo,Hf) composite exhibited better room temperature and
high temperature mechanical properties than the NiAl/Cr(Mo,Hf) alloy, which may be attributed
to the ﬁne structure and the strengthening effect of ZrO2 particles.
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(L.Y. Sheng).1. Introduction
NiAl intermetallic comound has received a lot of attentions
due to its high melting point, low density and excellent
oxidation resistance [1–3]. However, its poor high-temperature
strength and low room-temperature ductility and fracture
toughness limit its industry application. Recently, in order to
solve these problems, many techniques have been adopted and
many kinds of alloy have been developed [4–7]. Among the
NiAl-based alloys, NiAl–31Cr–3Mo (NiAl/Cr(Mo) for short)
eutectic alloys are regarded as the most promising one,
because of their relatively good room temperature and high
temperature mechanical properties [8,9]. However, its high-
temperature strength is still much lower than that of the
L.Y. Sheng et al.232conventional nickel-based superalloys, and hence there is a
long way to go for the NiAl-based alloys used as the high
temperature structural parts, especially in aeroengine. Fortu-
nately, the recent researches [10,11] showed that the NiAl/
Cr(Mo) eutectic alloys have good tribological properties,
especially at high temperature. Moreover the investigation
also reveals that the high strength and compressive ductility
are very important for the tribological properties. Therefore, it
is necessary to improve its high-temperature strength and
room-temperature compressive ductility in order to promote
the application of NiAl-based alloy.
It is well accepted that modifying the microstructure and
alloying element addition can change mechanical properties of
the materials signiﬁcantly. According to the former researches
[12–14], for the lamellar NiAl/Cr(Mo) eutectic alloy, the
convenient methods to improve its mechanical properties are
adding minor fourth element or reﬁning the lamellar spacing.
Authors’ previous studies [15,16] showed that hafnium (Hf)
was very effective in improving the high temperature strength
of NiAl/Cr(Mo) eutectic alloy. Unfortunately, the Hf addition
decreased the fracture toughness and compression ductility at
room temperature severely [17–19]. Therefore, it is anticipated
to attain the desirable combination of room temperature
compressive ductility and high-temperature strength by reﬁn-
ing the microstructure of Hf doped NiAl/Cr(Mo) eutectic
alloy. It has been found that such microstructure may be
achieved by means of powder metallurgy (P/M) or rapid
solidiﬁcation technology [20,21]. Compared with the rapid
solidiﬁcation, the P/M technique can provide a net shaped
component, and accordingly solving the difﬁculty to machine
the brittle NiAl-based alloys. In addition, the P/M technique
can fabricate the products with relative complicated shape.
Additionally, the former researches [22–24] revealed that the
ZrO2 can well improve the high temperature strength of NiAl-
based alloy and hence increase its wear resistance. Therefore,
in the present work, the NiAl/Cr(Mo,Hf) composite with
small amount of ZrO2 ceramic particles addition was fabri-
cated by P/M technique, including the argon atomization for
NiAl/Cr(Mo,Hf) powders preparation, ZrO2 powder addition
by mechanical mixture and consolidation by hot pressing/hot
isostatic pressing (HIP). The microstructure and mechanical
properties at room temperature and elevated temperature were
investigated simultaneously.Fig. 1 Granulometric fractions of the remained powder alloys.2. Experimental
Rapidly solidiﬁed 33Ni–33Al–31Cr–2.8Mo–0.2Hf (at%, NiAl/
Cr(Mo,Hf) for short) alloy powders were prepared using
argon gas atomization. The granulometric fractions of the
remained powder alloys are listed in Fig. 1. The prepared
powders were sieved to separate the fractions of particles
smaller than 10 mm and larger than 20 mm. The ZrO2 powders
with an average diameter of 1 mm were doped to the rapidly
solidiﬁed NiAl/Cr(Mo, Hf) powders by mechanical mixture,
and the weight ratio of the ZrO2 powders is about 2%. The
mixed powders were ﬁlled in the graphite cans with the
dimensions of about 60 mm 22 mm 25 mm, and hot
pressed at the temperature of 1523 K and the presure of
30 MPa for 30 min. Then the samples were treated by HIP at
the temperature of 1523 K and the presure of 150 MPa for 3 h.The samples for microstructure observation and compres-
sion tests were cut from the prepared NiAl/Cr(Mo,Hf)–ZrO2
composite alloy billet. Microstructural characterization of all
samples was carried out with an S-3400 scanning electron
microscope (SEM) with energy dispersive spectroscopy (EDS).
The samples for transmission electron microscope (TEM)
observation were cut from different parts the billet by
electro-discharge machining (EDM). The TEM samples were
prepared by the conventional method, mechanical grinding to
50 mm and two-jet thinning operating at 20 1C with the
electrolyte of 90 vol% methanol and 10 vol% perchloric acid.
The thin foils were examined by a JEOL-2010 high-resolution
transmission electron microscope with a point resolution of
0.19 nm.
The compressive test specimens with a size of 4 mm
4 mm 6 mm were cut from the composite billet by electro-
discharge machining (EDM) and all surfaces were mechani-
cally ground with 600-grit SiC abrasive prior to the compres-
sive test. The compressive test was conducted in air with a
Gleeble 1500 test machine at an initial strain rate of
2.0 103 s1.3. Results and discussion
3.1. Microstructure
The scanning electron image of the used NiAl/Cr(Mo,Hf)
alloy powder is shown in Fig. 2(a). It is clear that most of the
powders have the regular spherical shape, and some small
powders attach on the big ones. Particle size distribution of
the powders was in the range from 8 mm to 22 mm with an
average size of 17 mm. Further observation on the powders
revealed that powders had the cellular microstructure which
consists of the gray lamellar Cr(Mo) plate and the black NiAl
matrix, as shown in Fig. 2(b). In the eutectic cell, NiAl and
Cr(Mo) plates exhibited a radially emanating pattern from the
cell center to boundary. The spacing of NiAl and Cr(Mo) in
the cell interior is ﬁner than that in the neighboring cell
boundary. Based on the EDS tests, almost no big Ni2AlHf
Heusler phase was found in the powders, but the small white
particles were still observed at eutectic cell boundaries.
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powders were consolidated by hot pressing and treated by
HIP, which can lead to a compact material corresponding toFig. 3 (a) SEM image of the NiAl/Cr(Mo,Hf)–ZrO2 composite fabric
eutectic cell, (c) Bright ﬁeld TEM image of small Cr(Mo) rods inside
Cr(Mo) phases and interface dislocations.
Fig. 2 (a) SEM image of the NiAl–Cr(Mo,Hf) powder, (b)
Microstructure of NiAl and Cr(Mo) lamella in the powder.98% of the theoretical density. The microstructure of the
fabricated NiAl/Cr(Mo,Hf)–ZrO2 composite is shown in
Fig. 3(a). It can be seen that the original boundaries of the
powder particles are not distinguishable. Therefore, a good
bonding between particles is anticipated. Moreover, some
over-coarsened eutectic cells and small cavities were observed
in the composite. Compared with the powder microstructure,
the microstructure of the consolidated composite showed
many differences, as shown in Fig. 3(b). It can be foun that
the NiAl and Cr(Mo) plates in the eutectic cell were broken
into short platelets or even particles. In addition, some NiAl
phases inside of eutectic cell were enclosed by Cr(Mo) phase
and accordingly form skeleton structure. Further TEM obser-
vations on the as fabricated composite revealed that there are
very ﬁne Cr(Mo) rods or particles inside of the eutectic cell, as
shown in Fig. 3(c). In addition, in some eutectic cells relative
coarse Cr(Mo) phases also have been observed, and these
Cr(Mo) phases form into shell layer and enclose the NiAl area,
as shown in Fig. 3(d). And a lot of interface dislocations have
been observed along the NiAl and Cr(Mo) phase boundary.
Along the NiAl/Cr(Mo) phase boundary, the small Hf solid
solution particles were observed, as shown in Fig. 4(a), which
have the hexagonal crystal structure and have been reported in
the former research [16,17]. According to the former research
[15], the high cooling rate of the alloy powder preparation may
be the main reason leading to more Cr elements solid soluted
in Hf and handicap its transformation into Ni2AlHf Heusler
phase. Although the following hot pressing and HIP treatment
can promote the element diffusion and phase transformation, it
still difﬁcult to transform the small Hf solid solution phases along
the NiAl/Cr(Mo) phase boundary. Furthermore in the coarse
NiAl phase, the ﬁne Ni2AlHf particle formed along the NiAlated by hot pressing and HIP, (b) Microstructure of NiAl/Cr(Mo)
of eutectic cell, (d) Bright ﬁeld TEM image of NiAl enclosed by
Fig. 4 (a) Bright ﬁeld TEM image of Hf solid solution particle along NiAl/Cr(Mo) interface (Inset picture show the SAED pattern of
Hfss), (b) Bright ﬁeld TEM image of Ni2AlHf particle in the NiAl phase (Inset picture show the SAED pattern of Ni2AlHf), (c) Bright
ﬁeld TEM image of nano ZrO2 zone at the eutectic cell boundary (Inset picture show the SAED pattern of ZrO2), (d) ZrO2 particles with
twin crystal and stacking faults inside, (e) HRTEM image of the ZrO2 particle from a part of (d).
Table 1 Compressive properties of NiAl/Cr(Mo,Hf)–ZrO2 composite and NiAl/Cr(Mo,Hf) alloy at an initial rate of
2 103 s1.
Alloys Test temperature
(K)
Yield strength
(MPa)
Compressive
strength (MPa)
Compressive
strain (%)
NiAl/Cr(Mo,Hf)-ZrO2
composite
RT 1410 1915 23
1273 320 365 425
1373 260 290 425
NiAl/Cr(Mo,Hf) RT 920 1410 18
1273 300 335 425
1373 230 260 425
L.Y. Sheng et al.234grain boundaries, as shown in Fig. 4(b). In addition, the ZrO2
zone with nano-size particle inside was found at the eutectic cell
boundaries, as shown in Fig. 4(c). Such a distribution of ZrO2
may be attributed to the mixture procedure that cannot break
the powder thoroughly and mix the ﬁne ZrO2 particles intoNiAl/Cr(Mo) phase boundary. Further observation on the ZrO2
revealed that twin crystal and stacking faults existed in some
particles, as shown in Fig. 4(d) and (e). These phenomena indicate
that the ZrO2 particle experienced great deformation during the
mechanical mixing and following process.
ZrO2 strengthened NiAl/Cr(Mo,Hf) composite fabricated by powder metallurgy 2353.2. Compressive properties
The compressive properties of the NiAl/Cr(Mo,Hf)–ZrO2
composite and NiAl/Cr(Mo,Hf) alloy at room temperature
and high temperatures are listed in Table 1. It is obvious that
the NiAl/Cr(Mo,Hf)–ZrO2 composite possess the better com-
pressive properties. The yield strength and compressive strength
at room temperature are 1409 MPa and of 1916 MPa, respec-
tively, which, are about 53% and 35% higher than those of
NiAl/Cr(Mo,Hf) alloy. Compressive strain values at RT were
calculated based on practical plastic deformation in order to
eliminate the inﬂuence from the testing system. The RT
compressive strain of NiAl/Cr(Mo,Hf)–ZrO2 composite was a
little higher than that of the NiAl/Cr(Mo,Hf) alloy. The high
temperature compressive test shows that the NiAl/Cr(Mo,Hf)–
ZrO2 composite almost has the same mechanical properties
with the NiAl/Cr(Mo,Hf) alloy.
The exprimental results in the present study showed that the
ZrO2 addition and the ﬁne microstructure improved its RT
compressive properties of the NiAl/Cr(Mo,Hf)–ZrO2 compo-
site signiﬁcantly, but contribute little to its high-temperature
strength. Additionally, based on the recent research [23,24],
the materials with gradient nano-grain can have both high
strength and ductility at room temperature. In the present
study, the ﬁne NiAl/Cr(Mo) eutectic cell was surrounded by
nano ZrO2 particles, which is so similar with the former
research. Therefore, it is easy to understand why the NiAl/
Cr(Mo,Hf)–ZrO2 composite possesses higher compressive
strength and ductility. However, the results of former inves-
tigations [14,25] revealed that at high temperatures the single-
phase NiAl and Cr were both weaker than NiAl/Cr eutectic
alloys, which suggests that NiAl/Cr(Mo) lamellar structure in
the eutectic cell play an important role in the high-temperature
strength of the NiAl–Cr eutectic alloy. However, for the NiAl/
Cr(Mo,Hf)–ZrO2 composite, the hot pressing and HIP proce-
dure lead to fragmentation of Cr(Mo) lamella in the eutectic
cell, which accordingly decrease the high temperature strength.
Moreover, according to the recent investigations of Sheng
[9,12] the ﬁne microstructure is beneﬁcial to the RT mechan-
ical properties, but contribute little to the high temperature
mechanical properties. Though the addition of ZrO2 ceramic
particle is helpful to the high temperature strength of NiAl
based alloy by handicapping the movement of dislocation,
which has been proved by former investigations [22–24].
However, in the present study, the ZrO2 ceramic particles
mainly distribute at eutectic cell boundary, which cannot make
full use of its strengthening effect. Once the external pressure is
higher enough, the crack would be generated along the NiAl/
Cr(Mo) eutectic lamella inside eutectic cell, and hence the
strenthening effect of ZrO2 particle will be lost. Therefore the
Cr(Mo) lamella inside of eutectic cell is the main determinant
of high temperature strength, and it is easy to understand that
the high temperature compressive properties of NiAl/
Cr(Mo,Hf)–ZrO2 composite are just a little higher than these
of NiAl/Cr(Mo,Hf) alloy.4. Conclusions1. The NiAl/Cr(Mo,Hf)–ZrO2 composite fabricated by pow-
der metallurgy technique possesses relative coarse NiAl
and Cr(Mo) phases at the eutectic cell boundary andbroken Cr(Mo) platelets inside eutectic cell, compared
with the original powder microstructure without the
addition of ZrO2.2. The fabrication procedure developed in the present study
leads to ﬁne and well-distributed Ni2AlHf and Hf solid
solution particles, and make the nano ZrO2 particles
segregated along eutectic cell boundary. Moreover, twin
crystal and stacking faults form inside ZrO2 grains.3. The NiAl/Cr(Mo,Hf)–ZrO2 composite exhibits better
compressive properties than the NiAl/Cr(Mo,Hf) alloy,
which should be attributed to the ﬁne structure and the
addition of ZrO2 particles.Acknowledgments
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